the performance of an aerospike rocket motor installed CD drag coefficient in a lifting body configuration. An SR-71 airplane would be used to carry the aerospike configuration to the CL lift coefficient desired flight test conditions. Wind-tunnel tests were completed on a 4-percent scale SR-71 airplane with the Cl rolling moment coefficient (stability axis) aerospike pod mounted in various locations on the upper fuselage. Testing was accomplished using sting and Recent emphasis on single-stage-to-orbit (SSTO) Experiment (LASRE). The aerospike rocket and its vehicle technology has led the National Aeronautics and associated components, referred to as the aerosl)ike pod. Space Administration (NASA) to request proposals for will be mounted on the SR-71 upper fuselage surface an SSTO Technology Demonstrator Flight Vehicle centerline. Figure 2 shows the pod installation on the wind-tunnel model. Note that the vertical tails of the which has become known as the X-33. A contractor team, led by Lockheed-Martin Corporation, Marrietta, SR-71 airplane were removed for this photograph. The Georgia, developed an X-33 concept which incorporates aerospike pod components are referred to as the canoe, a linear aerospike rocket engine in a lifting body vehicle kayak, reflection plate, and a half span model of a lifting configuration. The aerospike rocket was first developed body configuration. The canoe is installed on the SR-71 and ground tested in the 1960's. 1,2 The principle fuselage and contains the gaseous hydrogen fuel and advantage of the aerospike rocket is the inherent altitude liquid water needed for cooling. The kayak, located compensation provided by the nozzle. This beneath the reflection plate and on top of the canoe, is compensation results in increased specific impulse used to incline the model at a 2°nosedown incidence performance during the low-altitude portion of a flight angle. This angle aligns the lower part of the model with when compared to a conventional bell nozzle rocket the local flow over the top of the SR-71 airplane. The reflection plate is mounted on top of the kayak to determine if the configuration could meet the test promote uniform flow in the region of the model. Liquid objectives and to develop flight techniques for the oxygen and ignitor materials required to operate the transonic acceleration that would minimize fuel usage. engine are located in the model. The model is mounted vertically so that sideslip of the SR-71 airplane imparts Stability and control issues investigated in the wind angle of attack on the model. Unlike an actual X-33 tunnel were primarily lateral--directional at takeoff and configuration, the model has no camber so as not to landing speeds and at the maximum Mach number. At produce side force when the SR-71 airplane is at low speeds, the cross-wind landing criterion with one 0°sideslip. The desired Mach number and altitude engine not functioning needed to be satisfied with the ranges for the test extend to Mach 3.2 and an altitude of aerospike pod configuration. At supersonic speeds, 84,000 ft which are near the limits of the basic SR-71 the SR-71 lateral-directional stability minimum occurs flight envelope, at Mach 3.2. Ensuring that the aerospike pod configuration does not significantly reduce the stability A series of wind-tunnel tests was conducted to at Mach 3.2 was necessary. The incremental stability support this flight project. The objectives were to define and control derivatives were added to the flight a LASRE configuration that could successfully be flown simulations to assess handling qualities and envelope to the desired test points and to identify any aircraft restrictions caused by control surface authority a envelope limitations. Principle areas of concern were limitations. transonic drag, supersonic stability, and control. Aerodynamic increments obtained in the wind tunnel This report presents selected results from three windrepresent the aerodynamic changes caused by the tunnel entries and flight simulation results based on addition of the LASRE pod to the baseline SR-71 wind-tunnel data. Potential flow analyses are also airplane, presented to help interpret the wind-tunnel results. The discussion of the results includes the unexpected The excess thrust available for the SR-71 airplane is nosedown pitching moment encountered with the first minimal at transonic speeds. As a result, minimizing the configuration tested and the solution to the pitching transonic drag caused by the aerospike pod was moment problem by altering the location of aerospike necessary. 
Wind-Tunnel Facilities
The model was supported with a sting mount entering Two wind-tunnel facilities were used to test the the aft end of the fuselage. The force and moment LASRE configuration: the National Technical Systems balance was aligned with the fuselage reference plane of (NTS) 4-× 4-ft blowdown wind tunnel in Saugus, the model. Angle of attack was referenced to the wing CaliforniJ and the MicroCraft 7-× 7-ft blowdown reference plane which has an incidence angle of-1.2°w ind tunnel in El Segundo, California.** Minimum with respect to the fuselage reference plane. A standard operating Reynolds numbers were adequate for these six-component balance was used for Mach 2.0 and tests; therefore, these Reynolds numbers were used to below. conserve tank pressure and to maximize the time available for testing. Figure 3 shows a comparison of A five-component instrumented sting was specially wind-tunnel and flight Reynolds numbers data. The fabricated and used from Mach 1.6 to Mach 3.2. The model installation and test procedures for each facility instrumented sting was necessary because the standard are described next.
balance was not expected to be able to withstand the wind-tunnel start-up loads at the high Mach numbers. NTS 4-× 4-fl Blowdown Wind Tunnel
The five-component instrumented sting did not have an axial force measurement; therefore, lift and drag could The model was tested from Mach 0.6 to Mach 3.2. A not be computed. transonic cart was inserted in the wind tunnel for testing at Mach 1.4 and below. The 22-percent porous walls of
The majority of the longitudinal aerodynamics data the transonic cart were actively suctioned to minimize was obtained during angle-of-attack sweeps at 0°s ideslip. Some angle-of-attack sweeps were also done at fig. 4 ). After testing airplane was used for these tests. The main fuselage and numerous configurations, the final configuration tested wings were constructed of cast bronze. Aluminum was was an initial aft model configuration. Because of the used for the forebody and tails. Flow through inlets were limited amount of wind-tunnel time remaining, only a used for the model. The aft fuselage and inboard elevons partial set of aerodynamic data was obtained for this were modified to accommodate the sting mount at the configuration. Before the second wind-tunnel entry, the 4-ft tunnel. The true aft fuselage was used at the 7-ft aft model configuration was modified slightly by tunnel test in which the model was blade mounted. The extending the length of the canoe and adding the section vertical tails were manually positioned with brackets for known as the kayak to incline the reflection plate 2°0°, 5°, and 10°rudder deflections. Separate inboard nosedown ( fig. 5 ). elevons were fabricated for-10°, 0°, and 10°elevon deflections.
The second wind-tunnel entry occurred at the MicroCraft 7-x 7-ft wind tunnel because it could The aerospike pod consisted of a canoe, reflection accommodate a blade mount. The blade mount was plate, model, and, in some cases, a kayak ( fig. 2) . The necessary because testing the configuration with the true pod was tested in various locations on the SR-71 SR-71 aft fuselage was desired. Testing was primarily airplane. The two primary configurations were referred on the aft model configuration from Mach 0.6 to instrumented sting was 1 percent of applied load. Good repeatability of these data within this accuracy was demonstrated at the 7-fl tunnel. Repeatability was not as
good at the 4-fl tunnel when comparisons were made of runs from different days.
On the other hand, good repeatability was obtained in the 4-ft tunnel for data runs that occurred during same day testing. In terms of force and moment accuracies at The reference area for the SR-71 airplane is 1605 ft2, this wind tunnel, the worst repeatabilities resulted in the reference chord is 37.7 ft, and the reference span is ACm differences of 0.006, AC L differences of 0.03, 56.7 ft. The moment reference is located at fuselage and AC o differences of 0.0025. The force and moment station (ES.) 900, waterline (W.L.) 100, and butt line (B.L.) 0.
balance results presented here are more nearly accurate than these quoted differences because wherever possible
•Wind-Tunnel Comparisons increments were obtained from same day testing.
A limited number of data comparisons between the two wind-tunnels was made. Of particular interest were .o14 --Wind the transonic results because reflected shocks and tunnel tunnel blockage in these small wind tunnels were a concern.
.012 --7 it Figure 6 shows comparisons for the aft model ,lit configuration. The transonic data in the 7-ft tunnel were .OlO taken with the final aft model configuration. The transonic data in the 4-ft tunnel came from the first wind ACo .ooa tunnel entry before the final configuration was established. The configuration used in the 4-ft tunnel .o06 test did not include the kayak, and the reflection plate was not inclined 2°. The reflection plate was raised
.004 approximately 3/16 in. at three post locations. In 4°angle°f attack addition, the length of the canoe was slightly shorter in
.002 ] ] I ] the 4-ft tunnel test. The aerodynamic effect of these .5 1.0 1.5 2.0 2.5 differences was assumed to be minor. Machnumber
960232
(a) Untrimmed drag increment. The untrimmed drag data showed excellent agreement between the two tunnels for supersonic Mach numbers ( fig. 6(a) ). The 7-ft wind tunnel showed significantly .005 --larger drag increments for Mach 0.9 and Mach 0.95 than the 4-ft wind tunnel. The reason for this difference is unknown. Because blockage was low for the 7-ft tunnel o --and these results were conservative, the drag increments from this 7-ft tunnel were used in the subsequent -.005 --performance studies. Potential Flow Computer Tools first because it was the initial LASRE configuration. This configuration was unacceptable because of an A computational analysis of the LASRE configuration excessive amount of nosedown pitching moment at .
was conducted to validate the wind-tunnel results and to transonic speeds. Numerous configuration investigations allow diagnosis of the aerodynamic phenomenon revealed that the aft model configuration was associated with many of the LASRE configurations acceptable. A discussion of the aerodynamics associated tested. The two codes used in this study are commonly with the aft model configuration is followed by a known as A5024 and TranAir. 5,6 The A502 code, a description of the causes of the nosedown pitching linear potential (PrandtI-Glauret) flow solver, was run moment. This section concludes with the ramifications on a workstation and is useful for subsonic and of the aerospike pod on SR-71performance and control. Flight simulations using the LASRE aerodynamic Longitudinal aerodynamic increments are tabulated in tables A-l, A-2, and A-3. Trim angle of attack for the database were integral to developing the final SR-71 airplane is roughly 4°for the majority of the configuration. These simulations assessed performance, flight Mach numbers. Figure 7 shows the untrimmed stability and control, and handling qualities associated drag and pitching moment increment curves for 4°angle with the various configurations. Flight simulations were conducted concurrently with wind-tunnel testing, and the results were used to modify the wind-tunnel test unexpected decrease in rolling stability. It was thought tunnel. The peaks in the drag and pitching moment occur at Mach 1.1. For 4°angle of attack, the maximum that this derivative would become more negative untrimmed drag increment is 128 drag counts ( fig. 7(a) ), because of the large lifting body above the SR-71 and the maximum nosedown pitching moment centerline. increment is 0.0208 ( fig. 7(b) ). This amount of nosedown pitching moment is excessive, and the cause Aft Model Configuration is discussed in the Nosedown Pitching Moment subsection. fig. 10(a) ). For all supersonic Mach numbers, the tunnel, an initial aft-mounted model configuration was untrimmed drag increment at 4°angle of attack was tested which did not include the kayak or the 2°smaller for the aft model configuration. The large nosedown incidence. In addition, the reflection plate improvement obtained in the pitching moment was raised approximately 3/16 in. above the canoe, increment was more important than the drag. Above Mach 0.9, the pitching moment increment was much Figure 10 shows a drag and pitching moment closer to zero with the aft model ( fig. 10(b) ). A comparison between the forward-and aft-mounted somewhat increased nosedown pitching moment was _,
configurations. Moving the model aft .changed the measured for Mach 0.6 and Mach 0.9.
As in the forward model configuration, the drag and Model pitching moment increments for the aft model were configuration incorporated into the batch simulator to come up with
.014 _ Aft trimmed drag estimates for a nominal LASRE flight and c.g. profile. Figure 11 shows the trimmed drag estimates .o12 _x_ for the forward and aft model configurations. The increased drag increments at Mach 0.9 and Mach 0.95 .OlO initially were a concern; however, studies in the performance simulator showed that the affect of these .oo8
increased drag increments was not of major significance ACD because of sufficient excess thrust of the SR-71 airplane .006
in this Mach number range.
. Figure  14 shows the results for Mach 1.1.
responsible for the majority of the negative Cmo shift Figure 14 (a) shows the pitching moment as a function of ( fig. 12) .
angle of attack, and figure 14(b) shows the pitching moment increments. The aft fuselage modification did The team speculated that for supersonic Mach not significantly affect the nosedown pitching moment numbers, the shock on the bow of the canoe caused a increment at any angle of attack ( fig. 14(b) ). high-pressure region forward of the moment reference (ES. 900). In addition, expansion fans on the aft end of Potential Flow Analysis the canoe caused a low-pressure region far aft of the moment reference. Both of these effects would TranAir analyses were done at Mach 1.1 to assess the contribute to a nosedown pitching moment. The influence of the canoe and the SR-71 aft fuselage on the addition of the reflection plate had minimal affect on the pitching moment. In the component buildup phase of pitching moment. canoe-only configuration with the SR-71 aft fuselage airplane, canoe-only, forward model, and aft model modified for the sting mount, configurations. For the forward configuration, the A502 code predicted a pitching moment increment of Figure 15 shows pitchingmomentincrements caused --0.0018; whereas, the wind-tunnel increment was by the canoe from TranAir and the wind tunnel. The -0.0034. For the aft model configuration, A502 code TranAir increments agree well with the wind-tunnel predicted an increment of -0.0076; whereas, the winddata. In addition, TranAir validated that the SR-71 aft tunnel increment was -0.0084. Hence, A502 code fuselage configuration had no major affect on the concurred that the pitching moment became pitching moment increment, increasingly negative as the model was moved aft. 
F.S. 900
Low pressure region adjacent to the model Figure 21 shows how the airspeed limits were derived.
x 10a
These limits were based on the outboard hinge moment I----Levelacceleration, being limited in a dive maneuver. In this scenario, the 1 no enhancement vehicle climbs to an altitude of 33,000 ft at a constant 65 ---Level acceleration, with enhancement Mach 0.9 followed by a constant rate dive. Constant 60 descent rates from 1000 to 6000 ft/min are plotted in ---Climb-diveacceleration, with enhancement figure 21 for a 120,000 lbf aircraft These simulations focused on control authority and the initial forward model configuration caused by an performance. Envelope restrictions were applied to the unexpected and excessive nosedown pitching moment.
Linear Aerospike SR-71 Experiment configuration In addition, an aft model configuration that is expected based on hinge moment limits. The real-time simulation to meet performance, stability, and control requirements was used to verify that the aircraft could be accelerated during the flight test program was identified. The cause through the transonic Mach numbers. In addition, the of the nosedown pitching moment was investigated by maximum desired Mach number of Mach 3.2 was component buildup in the wind tunnel and with obtainable although only a few minutes of test time potential flow computational analyses. For supersonic were available before having to cease testing and return Mach numbers, the nosedown pitching moment was to base. caused by the combination of a high-pressure region forward of the canoe because of the bow shock and a APPENDIX A ,, low-pressure region aft of the canoe because of the expansion fans. FORWARD MODEL
AERODYNAMIC INCREMENTS
The canoe alone caused a significant nosedown pitching moment. Adding the model in the forward position increased the nosedown pitching moment;
This appendix describes the aerodynamic model whereas, adding the model in the aft position negated increments for the forward LASRE configuration the majority of the canoe-induced nosedown pitching ( fig. 4) . In creating these tables, conservative (read moment. The additional trim drag and elevon actuator pessimistic) engineering judgements were always made limits associated with the forward model configuration in regard to LASRE performance, stability, and control. prevented the vehicle from being able to accelerate Data for this configuration are from the 4-ft wind tunnel through the transonic speeds and, hence, made this for Mach 0.6 through Mach 3.2. A complete configuration unacceptable. At subsonic Mach numbers, aerodynamic model was not obtained in the wind tunnel the nosedown pitching moment was worse for the aft because this configuration was not acceptable for the model configuration. Potential flow analysis showed LASRE experiment. The data that were obtained are that this effect was caused by a low-pressure region presented here to document the aerodynamic created on the fuselage and wing adjacent to the model, characteristics of a payload mounted mostly forward of The additional subsonic trim drag for the aft model the pitching moment reference on top of the SR-71 configuration did not significantly affect performance; airplane. hence, the aft model configuration was shown to have acceptable drag and stability increments.
Tables A-1 through A-3 list the drag, lift, and pitching moment increments as a function of Mach number and Ground-based flight simulations were critical in wing reference plane angle of attack. assessing the acceptability of these configurations. 2.00 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 -0.0100 Table A These data were obtained from the 7-ft tunnel and from and control. Data for this configuration are from the 7-ft Mach 0.6 to Mach 1.6. Hold last values were used at _, wind tunnel for Mach 0.6 through Mach 1.6 and from instances above Mach 1.6 and below Mach 0.6. the 4-ft wind tunnel for the higher Mach numbers. Table B -3 lists the pitching moment increment as a Only the inboard elevons were adjusted in these tests similar supersonic drag increments as the final aftbecause the outboard elevons were not expected to be mounted model configuration ( fig. 6(a) ). The Mach 2.5 affected by the LASRE pod. The elevons used in the 4-ft and Mach 3.2 data were extrapolated from the Mach 2.0 wind tunnel at Mach 3.2 had a 33-percent span data using engineering analysis to adjust for the reduction because of the aft end modification to accommodate the sting mount. The increment changing wave drag. No viscous drag corrections were made to account for the fact that wind-tunnel Reynolds measured at Mach 3.2 was adjusted for a full-span numbers were less than flight Reynolds numbers. The elevon; however, no significant increment in elevon flight viscous drag component would be lower than the effectiveness was measured at Mach 3.2. wind tunnel because of higher flight Reynolds numbers. 
